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Abstract: Typical industry-ready impedance tube systems for measuring sound 
absorption cost between $20,000 and $60,000. The scope of this project was to 
explore an industrial impedance tube and its functions as well as iteratively reduce the 
cost of each component of the system to its lowest possible conclusion without 
severely sacrificing quality of data acquisition. Replacement of the hardware and 
software with “off-the-shelf” alternatives and custom-made components can reduce 
the overall cost by as much as two orders of magnitude in order to be used in the 
education sector, mainly high schools. We find that the designed tube and driver 
replacements resulted in less than optimal performance as compared to an industrial 
system. We also explore alternatives to the proprietary software used for our 
application and improvements to the originally designed system. 
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Chapter 1: Introduction 
1.1 Background 
A material’s ability to absorb sound waves is an important property in a variety 
of fields including, but not limited to, HVAC, the automotive industry, NVH, and 
academia. Traditionally, reverberation and anechoic sound chambers consisting of a 
testing specimen, a microphone array, and a data acquisition system (DAQ) were used 
to test a material’s acoustic properties. This process was time and resource intensive to 
say the least. Tens of thousands of dollars needed to be spent on constructing these 
chambers as well as training or hiring personnel to operate them and interpret the 
data. The data obtained from these tests gave a good understanding of the acoustic 
characteristics of the material in question, but most institutions either can’t afford or 
can’t physically maintain such facilities. 
The impedance tube is a general alternative to testing a material’s normal 
acoustic absorption at its surface and has been around for decades. It mostly operates 
as an alternative to, but not a complete replacement of, the reverberation or anechoic 
sound chamber. It alleviates the need for large and complex rooms for a designated 
function, instead it can sit on the desk of the operator and does not necessarily have to 
be used in noise-free environment due to its self-contained nature. 
Construction is simple. A driver or speaker is attached to one end of a tube, 
usually machined from metal, and a flat end plug is designed to fit snugly into the 
opposite end. Two holes of a certain distance are drilled into the tube near the end 
plug to hold two microphones. A flat test specimen of some material is cut to the inner 
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diameter of the tube and placed against the end cap on the microphone-side of the 
tube. If the microphone spacing, the inner diameter of the tube, and the distance from 
the microphone, closest to the driver, to the surface of the material is known, then 
certain acoustic properties can be obtained from the recorded microphone data over a 
certain frequency range. 
The normal acoustic absorption is useful in industry for many cases to give a 
general idea of how the material reacts acoustically. While the test does not provide a 
precisely accurate representation of how the material performs in situ, it at least gives a 
faster, more efficient method at measuring some acoustic properties without the need 
for large testing environments and time-extensive tests. 
1.2 Principles of Operation 
Our primary focus is on cost reduction with minimal impact to performance. An 
impedance tube system is still costly even when compared to a reverberation or 
anechoic chamber; its largest benefit is in its speed and consistency. However, due to 
the cost limitation, it is still a relatively specialized piece of equipment. We sought out 
to develop a system that can be: 
● created cheaply 
● easily constructed from common materials 
● reliable in terms of repeatability   
● open source 
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1.3 Product Definition 
Short Design Brief 
We are to design and construct an impedance tube from commonly-used 
materials for the purpose of reducing the overall cost of the system so that it may be 
viable for an educational institution (high school) to either purchase or construct for use 
in lessons. The current system being used is a 65mm ID, stainless steel impedance 
tube, a Radian audio driver, Siemens SCADAS XS DAQ module, and Siemens Lifecycle 
Management Software (LMS). Our constraints: 
● the materials used should be available for immediate purchase and use, 
meaning they shouldn’t need special construction or processing (e.g. extensive 
machining or finishing) 
● any electronics used should be available for use “as is,” meaning 
hardware/electronics that require custom circuitry or fabrication are to be 
avoided 
● the overall materials cost should be less than that of the industrial impedance 
tube materials cost 
● the system should be affordable by the intended institution or fabricable within 
it (e.g. high school-level machine shop) 
● the system should operate and give acceptable results 
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Expanded Design Brief 
Our impedance tube will be constructed out of an off-the-shelf, tube-like 
material. In this specific use case, the material should be easily manipulated with both 
hand and power tools, eliminating the need for milling or other high-end machining if 
we were to use, say, metal, and it can be bought at any local home improvement store 
in a variety of sizes. Adapters, end caps, and variations in size and shape should also be 
readily purchasable.  
Once the custom-built tube is designed and tested using industry software, the 
Siemens LMS and more specifically their Impedance Tube Acoustic Absorption in 
Impedance Tube software, design and construction of an alternative data acquisition 
system will begin to emulate the proprietary software used in industry. Electronics such 
as microphones and an external sound card will need to be chosen on a performance 
and cost balance. For our case, a two-input audio card and two microphones will be 
needed. For data analysis, software should be either free or cheap enough for 
purchase by an educational institution. For our driver, we will be using a commercially 
available speaker system, disassembled and repurposed for our needs. This eliminates 
the need for a separate amplifier and reduces the number of overall components. 
Chapter 2: Conceptual Design 
The impedance tube system is comprised of four (4) major components: the 
tube itself, a driver, an amplifier, and a DAQ system, usually made up of a personal 
computer and some sort of microphone interface and its inputs. This further separates 
into software, hardware, and electrical equipment (EE) and its various subsystems.  
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(Figure 2: Example setup of an impedance tube system) 
 
 
 
 
 
 
 
 
  
The functions of the components are relatively straightforward. The impedance 
tube is the structure that holds the sample being tested and provides the testing 
environment wherein all calculations and assumptions are held. The driver attached to 
the impedance tube is either a single function driver (meant for a specific frequency 
range) or an all-purpose speaker, either method, it is attached to an amplifier which in 
turn is connected in some fashion to either the DAQ system or a standalone signal 
generator. The DAQ system itself includes two microphones inserted into a hole in the 
impedance tube. The microphones should be mounted such that they are flush to the 
ID of the tube and do not protrude into it, so as not to disrupt the plane waves inside. 
The figure below depicts a cross sectional view of the tube and the mic, with a 
microphone mount on the tube, in the proper position for testing. 
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Recalling from our design briefing the necessary components and constraints 
needed for development of our system, then taking the main foci and itemizing them 
we get: 
● low-cost, easily machined tube material 
● ready-made adapters and junctions available 
● commercially available electronics 
● FOSS (Free and Open-Source Software) or relatively cheap software 
● operation for within the educational sector (e.g. high school students) 
If we first take into account the physical construction of the tube, we can define a 
number of materials that may be useful to us. The most commonly available materials 
at any local convenience store are galvanize and black steel pipe, copper, PVC, and 
ABS. These were chosen by their readily-available dimensions (the ID of the current 
tube is 65mm, or ~2.5in, so a comparable tube should be either standard size of 2” or 
3” ID).  
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(Table 1: Weighted decision matrix of tube materials) 
Criterion  Weighting  Copper  Black Steel  Galv. Steel  PVC  ABS 
Availability  4  5  5  5  5  2 
Cost  5  2  2  2  5  5 
Fabrication  3  2  1  1  4  4 
  Sum  9  8  8  14  11 
 
Weighting was decided based on in-store pricing and stock at a local home 
improvement store. Points were deducted from a material if it was back ordered or 
needed special shipping, and thus extra cost and time, from another warehouse. 
Pricing was based relatively off each other, with PVC and ABS being the cheapest 
material (around $.06/inch for 2” pipe, and steel being around $.66/inch for 2” pipe). 
ABS received a poor availability score due to the fact its longest length of tubing 
available was only 2 inches, since ABS plumbing is typically used for junctions and 
connections. Based on our initial matrix, PVC was the logical choice based on our 
criteria. 
If we expand our scope to the entire system, our needs become apparent in our 
objective tree. While cost is an apparent choice in our decision making, other factors 
drive our selections for materials and hardware. The DAQ system should be 
understandable for at the very least a high school-level of use, the main factor in 
selecting a driver/amp system is cost, and our tube should be easily fabricated and also 
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be low in cost. As for software, a Matlab or other alternative is already much less 
expensive than the provided LMS, especially when considering an educational license. 
(Figure 4: Objective tree for desired outcomes) 
  
 
As far as our preliminary designs go, we are looking at a tube constructed of PVC, a 
driver/amplifier system that is preferably all inclusive, and a DAQ system that is easy 
enough for a high schooler to assemble and run as an added exploration. For the sake 
of this project, we will be mostly focused on the tube itself. 
Chapter 3: Embodiment Design 
This section will expand on the decisions made in Chapter 2, as well as 
introduce all pertinent equations to the physical design of the impedance tube itself 
and its various components. For the sake of repeatability the dimensions, connections, 
and interfaces are meant to be compliant with ISO 10534-2 [1]. The impedance tube 
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has three major interfaces: the driver connection, the microphone slots, and the end 
cap/sample holder. Labeled below are the designated dimensions that are pertinent to 
the experiment. 
 
The length “l” is defined as being at least three times the inner diameter “d” of the 
tube [1]: 
dl > 3 (Eq 1)[1] 
The distance between the microphones “s” from center to center should be no more 
than five times the diameter (5*d) of the microphones and the distance “x ​1​” from mic A 
 
12 
to the reference plane should be two times the diameter of the tube (the reference 
plane is the surface of the material being tested): 
dx1 = 2 (Eq 2)[1] 
With these measurements known, we can calculate some necessary variables needed in 
later equations. First is the relative temperature and pressure inside the impedance 
tube. Since the common smartphone today usually contains a sensor hub that includes 
an internal barometer, this can be used to get our pressure, “P,” in kiloPascals (kPa). 
For temperature, either the surface temperature inside the impedance tube or the 
ambient air can be taken, so long as the tube has been sitting in the ambient air for 
enough time to become acclimated with its surroundings. Our temperature, “T,” will 
be in Kelvin (K). The speed of sound, “c ​0​,” can then be calculated with: 
43.2c0 = 3 √T /293 (Eq 3)[1] 
and subsequently our air density: 
.225kg/m ( )ρ = 1 3 p 293a*(101.325kPa)T (Eq 4)[1] 
and finally, our ​k ​0​, or wave number, which is a function of the specific frequency being 
analyzed: 
πf /ck0 = 2 0 (Eq 5)[1] 
With these preliminary equations we can design the important aspects of the tube, 
beginning with a few givens based on our design constraint of cost reduction, we will 
initially be using a 2” ID PVC pipe. Therefore . Moreover: inchesd = 2  
(2 inches) > l  inchesl > 3 −  > 6  
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The length between the driver and the reference microphone, Microphone A, needs to 
be greater than six (6) inches in order for the sound waves in the tube to be assumed 
as plane waves [1]. We also calculate ​x ​1​: 
(2 inches) 4 inchesx1 = 2 =   
So the front surface of our material needs to be four (4) inches from the reference 
microphone. The microphone spacing, ​s​, will be calculated later once our microphone 
diaphragm’s diameters are known. As for the electronics, once the designed tube 
proves functional, additional steps can be taken to replace the DAQ system provided. 
Chapter 4: Detail Design 
With the major dimensions of our tube figured based on the given diameter, we 
can spec our various subcomponents. A hard end cap will be needed to hold the 
material sample. Ideally, the cap will hold a hard backplate for the material to back 
against. The backplate and end cap should terminate the tube such that no gaps arise 
[1]. This cap, marked at Home Depot (Model # PVC021161600HD) works for our needs. 
Since the cap is rounded internally and not a flat stop, we will need to manufacture a 
piece from harder plastic or hardwood for the termination. As for the microphones, 
they can be held in position with a tight tolerance in the holes drilled in the tube and 
any natural/polymer clay to plug any air gaps. 
On the driver end, any speaker will do so long as the membrane and driver 
cover at least two-thirds (⅔) of the cross sectional area of the tube [1]. Preferably, an 
all-in-one speaker would be beneficial for cost reduction. According to the Amazon 
Basics catalogue [4], their desktop, USB speaker package contains a 2 inch driver for 
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both left and right speakers, making it our choice from a cost and size constraint. The 
microphone and DAQ system replacement will be discussed in the Conclusions 
section. From our collected data we can form a BOM: 
(Table 2: Bill of Materials for the Impedance Tube) 
Item  Model #  Quantity  Unit Price  Total Price 
2” SCH 40 PVC  531137  24 inches  $0.06/inch  ~$1.50 
2” End Cap  PVC021161600HD  1  $1.78  $1.78 
Amazon Speakers  Twins, A100  1  $12.98  $12.98 
      Sum  $16.26 
 
Compared to the industrial steel tube being compared against (a B&K steel-series 
65mm ID and Radian 745PB-8 (8-ohm) compression driver, purchased for $4,800), we 
have a substantial reduction in cost and weight. Our proof of concept will still need to 
prove the viability of the construction compared the standard, however. 
Refer to Appendices A1 and A2 for the final dimensions of the tube. For our 
driver, the Amazon speaker was disassembled and the driver was attached to one end 
of the PVC pipe via hot melt. Final distance between the reference mic and the driver 
was almost 20 inches, more than enough space for the sound waves to form planar 
waves (from Eq 1). The microphones being used have a membrane diameter of 0.5 
inches, making our distance ​s ​ between the mics: 
 .5 inches (5) 2.5 inchess < 0 =  (Eq 6)[1] 
Our actual ​s ​will be 1 inch to potentially fit two different microphone types. 
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For construction, PVC can be cut using standard woodshop tools. Since our end 
goal is to introduce the impedance tube for educational use, we limited our facilities to 
a standard high school woodshop at the STEM High School. Desktop bandsaws, a 
chop saw, drill press, and power tools were our limited repertoire available. In this 
particular instance, a desktop cnc (a CNC Piranha FX, [A10,A11]) was available for 
precise hole cutting for the microphones. After the driver was mounted and a support 
was made from spare plywood, an end cap was fashioned with a hardwood, flat end for 
termination since, again, the end cap for PVC piping is round on the inside: 
(Figure 7: End cap) 
 
The completely assembled tube is shown on the next page. The left and right Amazon 
speakers were modified such that the left speaker was still attached to the amplifier 
and the right speaker was removed from the circuit, but its power control was left 
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intact, this way volume inside the tube could still be controlled without noise being 
emitted: 
(Figure 8: Modified speaker) 
 
(Figure 9: Constructed impedance tube) 
Testing was done using Siemens LMS, “Acoustic absorption using impedance tube” 
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version 17A. Before we compare the impedance tubes, the theory will be discussed 
and will be in accordance with ISO 10534-2 [1]. 
Broadband noise, or specifically pink noise [B1] for its low frequency content, 
will be transmitted from our DAQ system (which in this case is a Microsoft Surface Pro) 
via 3.5mm jack. Pink noise is a personal preference since it gives better results for low 
frequency content, from experience. The Behringer iNuke (Model # NU1000) amplifier 
transmits the signal to the Radian driver on the impedance tube. The broadband signal 
needs to be at least 10 dB above the background profile [1] (or the ambient noise 
profile). The specimen, in this case two different thicknesses of extruded polystyrene 
foam at 15mm and 20mm, is cut to an OD of 65mm so that it is flush with the inner 
walls of the impedance tube [1]. It is mounted against the hard cap end stop [A8] so 
that no air gap is between them [A12]. The microphones are mounted flush along the 
inner walls of the tube and connected to our SCADAS XS DAQ system [A7]. Our 
software is loaded and set for the ambient conditions and dimensions of the tube. 
The transfer function method was developed as a more accurate and efficient  
way of calculating sound absorption in the impedance tube. Before 1980, the Standing 
Wave Ratio (SWR) method was used, which involved a protruding microphone along 
the lateral axis of the tube and discovering peaks and valleys of a certain frequency 
emitted by the driver. This method was used to grab points on a frequency versus 
absorption coefficient plot to represent the absorption coefficient curve. Today, the 
transfer function method can grab points ​f​lower​ ​to ​f ​upper​, which are the lower and upper 
frequency, respectively, that can be accurately measured by the tube by grabbing ​all 
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designated frequencies. This is dependent on the dimensions of the tube, mainly the 
diameter ​d ​.  
f l < f < f u (Eq 7)[1] 
Where our operating frequency, ​f​, must be lower than ​f​u​. To calculate ​f​u​ ​we use: 
.5c /d Hzf u = 0 0 (Eq 8)[1] 
f​l​ ​is dependent on the DAQ system and can be estimated at 100 Hz as a best practice, 
specifically for the Siemens LMS. Our actual upper frequency will be: 
.58(343.2m/s)/(65e m) 062.4 Hzf u = 0 − 3 = 3 (Eq 8) 
Which means our sampling frequency should be less than 3062 Hz. For our custom 
tube, we have: 
.58(343.2m/s)/(2 inches 0254m/inch) 918 Hzf u = 0 * . = 3 (Eq 8) 
Notice that the upper frequency is dependent on the inner diameter of the tube. 
With our parameters set, we need to calculate the reflectivity coefficient ​r​ and 
the absorption coefficient ​a ​. We first need the acoustic microphone pressures from the 
mic A and mic B where the Fast Fourier Transform of these acoustic pressures will be 
taken to get the complex conjugates ​p​1​* ​and ​p​2​*​ for mic A and mic B respectively. 
From these we can compute the cross spectrum, ​S​12​, and auto spectrum, ​S​11​. 
S11 = p1 * p1* (Eq 9)[1] 
S12 = p2 * p1* (Eq 10)[1] 
Where ​p ​1​ ​and ​p ​2​ are the real parts of the complex conjugates ​p ​1​* ​and ​p ​2​*​. Our complex 
transfer function, ​H ​12​, is determined by: 
/SH12 = S12 11 (Eq 11)[1] 
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However, attenuation in the tube caused by the insertion of the material must be 
calibrated, since this changes the nature of the planar waves in situ. To account for this, 
a separate transfer function and calibration factor ​H​c​ ​must be calculated. This is done 
by something called the microphone switch method in which a calculation, ​H​12​I​ , is 
taken with the microphones in the standard condition, and another taken with 
microphones in their opposite positions, where the reference mic, A, is swapped with 
mic B, to give ​H ​12​II​ via the same equation (Eq 11)[1].  
 Hc = √(H )12I * H12II (Eq 12)[1] 
This correction factor is used to calibrate the taken transfer function and account 
for any phase shifts due to the insertion of the material. From here, we can calculate 
the corrected transfer function. 
/HH12 = H12 (uncorrected) c (Eq 13)[1] 
This is done in the Siemens LMS before testing begins. From here we can calculate the 
reflectivity and thus the normal acoustic absorption coefficient.  
er = H −H12 iH −Hr 12
2jk x0 1 (Eq 14)[1] 
Where the transfer functions ​H​i​ ​and ​H​r​ are from the incident wave, at the test specimen, 
and the reflected wave. These are objective functions determined from the wave 
number (Eq 5)[1]: 
H i = e−jk s0 (Eq 15)[1] 
Hr = ejk s0 (Eq 16)[1] 
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After our reflectivity is calculated, complex absorption is derived from it: 
r |a = 1 − | 2 (Eq 17)[1] 
The transfer function process is a complex and complicated implementation. 
Siemens LMS does these calculations in real time from a number of time averages. Our 
expanded focus to look at a possible alternative, via Matlab, to this will prove difficult. 
Nonetheless, our results using the LMS proved to be against our hopes.  
(Figure 10: 15mm test specimen comparison between industrial and custom IT) 
 
The 15mm Styrofoam test, an average of four (four) specimens at four (4) runs 
each for a total of 16 runs, showed that the PVC tube attributed almost zero acoustic 
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response over our desired frequencies. The 65mm tube gives our typical response at 
around 2600 Hz, however our PVC tube does not. We receive a similar result from the 
20mm styrofoam. 
(Figure 11: 20mm test specimen comparison between industrial and custom IT) 
 
We find this result, for the 20mm material, interesting since it appears that if a higher 
upper frequency was able to be captured, we would see a similar response as in the 
steel tube calculation, however it would appear almost 1400 Hz later. This shift in 
absorption response, we believe, is therefore a result of the physical properties of PVC 
or an accumulation of errors, discussed in the Conclusions. Possibly due to the softness 
of PVC, higher frequency content from the broadband signal was absorbed by the 
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tube. This would make sense since the calibration factor would not account for this 
phenomenon and only accounts for the physical displacement caused by the test 
specimen. Moreover, a similar study by members of the ASEE was completed with 
favorable results [4]. 
Conclusions 
We find the discrepancy between our study and the ASEE study disappointing, 
however there are a number of differences. For one, the use of software was different. 
The ASEE used a custom Matlab program versus our Siemens LMS. The Siemens LMS 
is designed for use in the B&K steel tube, and since the software is proprietary we can 
not look at their handling of the transfer functions or any other lower function within it. 
The Matlab program used by the ASEE is also unavailable. Perhaps they accounted for 
the attenuation of the PVC itself within their program.  
This custom program also gave us insight that the absorption coefficient could 
be calculated and the transfer functions computed entirely within Matlab. However, 
obtaining temporal acoustic pressure from recorded .wav files proved difficult. The 
recorded file saves information in an amplitude format. To convert to pressure, in 
Pascals, the microphone sensitivity, in mv/Pa, and a calibrated reference sensitivity 
must be known. Unfortunately this requires either sound calibration equipment and 
knowledge of the microphone sensitivity or testing done by a lab with the proper 
equipment. Calibrated and tested microphones were not considered when speccing 
microphones for a potential DAQ system alternative, thus the Matlab program we 
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developed could not be used without this information. Regardless, we explored what 
this would look like and is available in Appendix B [B4].  
As for an alternative DAQ system, Appendix B lists the bill of materials [B2]. We 
found that sourcing two (2) microphones, a sound card, cabling, a driver, and laptop 
were amazingly cheap compared to the standard solution. The resulting reduction in 
cost was over two (2) orders of magnitude, around $430. If additional information was 
available, the Matlab program could be completed and the system might prove 
operational.  
In the interest of the NVH field, the project will continue to be worked on post 
graduation. A github project has been started and is completely open source [B3]. The 
end goal is to eliminate the need for Matlab, a paid program, and move to a FOSS 
alternative, Octave. An unofficial collaboration with the NASA Glenn Research Center’s 
Education Department is ongoing to deliver an impedance tube system that can be 
distributed to high schools to bring interest to the field of noise, vibration, and 
harshness engineering. This was a recent development from the beginning of April 
2018, which is why the scope of the project was expanded to explore the possibility of 
replacing the entire data acquisition system.  
Overall, we explored the impedance tube and a possible cost reduction. 
However, at the cost of accuracy, our project demonstrated our approach’s design did 
not meet expectations. Considering the construction of a steel impedance tube using 
either readily available galvanized steel pipe or black steel pipe might have been a 
more difficult method, however due to machining capabilities we limited ourselves to 
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this eas impossible. If the design was redone, we would reduce the amount of 
fabrication constraints we placed ourselves under at the cost of overall cost.   
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Appendices 
Appendix A - Relevant subsystems, processes, and assembly CAD 
A1 - Final dimensions of impedance tube assembly 1/2 
 
 
 
 
A2 - Final dimensions of impedance tube assembly 2/2 (End dimensions) 
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A3 - Exploded view of tube assembly 
 
 
 
 
A4 - Assembled view of tube assembly 
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A5 - Test setup for industrial tube 1/4 
 
 
 
 
 
 
 
 
 
 
A6 - Test setup for industrial tube 2/4 (mic placement) 
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A7 - Test setup for industrial tube 3/4 (SCADAS XS DAQ) 
 
 
 
 
 
 
 
 
 
 
A8 - Test setup for industrial tube 4/4 (Rigid end cap)   
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A10 - CNC Piranha FX (machine) 
 
A11 - CNC Piranha FX (mic slot drilling) 
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A12 - A loaded test specimen 
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Appendix B - Sourcing for alternative DAQ hardware and additional resources 
B1 - Pink noise source 
Provided by Dr. Ir. Stéphane Pigeon at www.audiocheck.net, the .flac file is free for 
personal use. 
B2 - Bill of Materials for alternative DAQ system 
Item  Model #  #  Unit Price  Total Price 
Comica XLR Mics  CVM-V02  2  $35.35  $70.69 
Behringer Audio Card  UMC202HD  1  $60  $60 
Lenovo Thinkpad  T420  1  $200  $200 
Matlab Student License  N/A  1  $99  $99 
      Sum  $429.69 
 
B3 - Link to github project for continued development 
https://github.com/nathanpalella/IT_absorption 
B4 - Initial Matlab function to compute the complex absorption coefficient 
 
Tube geometry and preliminary variable configuration 1 
Calibration using a predetermined calibration sample 1 
 
x1 = 1;     ​% in, distance between reference mic and beginning of specimen 
s = 4;      ​% in, distance between mics 
d = 2;      ​% in, diameter of tube 
 
[mic_a,Fs] = audioread(​'mic_a.wav'​);  ​% in the standard position 
mic_b = audioread(​'mic_b.wav'​); 
L = length(mic_a); 
 
FFT_a = fft(mic_a); 
FFT_b = fft(mic_b); 
S11 = real(FFT_a).*FFT_a; 
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S12 = real(FFT_b).*FFT_a; 
 
H12 = S12./S11; 
 
d_meter = .0254*d;    ​% conversion to IS units 
s_meter = .0254*s; 
x1_meter = .0254*x1; 
 
T = 313;    ​% k, ambient air temperature 
T_0 = 293;  ​% K, standard air pressure 
p = 97;     ​% kPa, ambient air pressure in kilopascals 
p_0 = 101.325;   ​% kPa, standard air pressure 
rho_0 = 1.186;   ​% kg/m^3, standard air density 
rho = rho_0 * ( (p*T_0) / (p_0*T)); ​% kg/m^3, ambient air density 
 
c0 = 343.2 * sqrt(T/T_0); ​% m/s, calculated speed of sound 
% Maximum and minimum frequencies 
fu = (0.58*c0)/d_meter;    ​% Hz, maximum frequency 
fl = 100;  ​% Hz, chosen based on recording equipment 
 
% Reminder 
% k0 = 2*pi*f_a/c0; % wave numbers 
% y0 = c0./f_a;      % m, wavelengths 
 
H12_1 = FFT_A ./ FFT_B; 
 
mic_a_swap = audioread(​'mic_a_swap.wav'​);  ​% in the switched position 
mic_b_swap = audioread(​'mic_a_swap.wav'​); 
FFT_A_swap = fft(mic_a_swap); FFT_B_swap = fft(mic_b_swap); 
 
H12_2 = (FFT_A_swap ./ FFT_B_swap); 
 
Hc = (H12_1 ./ H12_2) .^ 0.5;     ​% correction factor with specimen in situ 
 
H12_c = H12./Hc;  ​% Correct the original mic placement test 
 
HI = zeros(L/2,1);  ​% preallocate memory for efficiency 
HR = zeros(L/2,1); 
k0 = zeros(L/2,1); 
for​ x = 1:1:L/2 
    k0(x,1) = ((2*pi*Fs)/c0); 
end 
for​ y = 1:1:L/2 
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    HI(y,1) = exp(-i*k0(y,1)*s_meter); 
    HR(y,1) = exp(i*k0(y,1)*s_meter); 
end 
 
r = ( (H12_c - HI) ./ (HR - H12_c) ) .* exp(2.*i.*k0.*x1_meter); 
a = 1 - abs(r.^2); 
a = abs(a); 
 
f = 1:Fs/L:Fs/2; 
%plot results 
freq = zeros(L/2,1); 
for​ z=1:1:L/2 
    freq(z,1) = z*Fs-1; 
end 
 
plot(freq,a) 
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